Experimental studies have suggested that protective genes protect allografts from cardiac allograft vasculopathy (CAV), the major complication after cardiac transplantation. Here we have sought to confirm this hypothesis using long-term heart transplant recipients. Twenty-two patients that were 9 years or older after transplant were investigated; 11 of these were without angiographic evidence of CAV; 11 had developed early CAV at 1 to 3 years after transplant. To identify proteins that may act as protectors from CAV, a global proteomic approach was used comparing cardiac biopsies from 12 patients taken within the first 2 weeks after transplant and those taken after 9 years from the same patient. Proteins were separated by 2-D gel-electrophoresis, detected by silver staining, and analyzed using Progenesis software. A particular protein spot was found in 4/6 biopsies from patients without CAV, but absent from 5/6 biopsies from those with CAV (Pϭ0.24); however, quantitative analysis of spot intensity showed a significant difference (0.061Ϯ0.05 versus 0.003Ϯ0.01, Pϭ0.04). This spot was identified by mass spectrometry and a combination of techniques as a diphosphorylated form of HSP27. Immunohistochemistry of further biopsies not only validated that HSP27 was more abundantly expressed on biopsies without CAV but also showed it to be localized to blood vessels. In contrast, vessels from patients with CAV did not express HSP27 (Pϭ0.028ϫ10 Ϫ4 ). Immunohistochemistry of 12 further early biopsies and nontransplanted heart showed HSP27 to be present in normal blood vessels. These findings suggest that expression of a specific diphosphorylated form of HSP27 is associated with healthy blood vessels; it appears to be lost from vessels of patients with graft vasculopathy. (Circ Res. 2005;97:192-198.) 
A ccelerated graft atherosclerosis or transplant associated coronary artery disease, often referred to as chronic rejection or cardiac allograft vasculopathy (CAV), is one of the most serious long-term complications of heart transplantation; the incidence increases every year after transplant and is currently 43% at 7 years. 1 Histologically, CAV consists of a diffuse concentric intimal proliferation comprised of smooth muscle cells and fibroblasts. The disease is not confined to the large epicardial arteries, but also affects the small vessels penetrating the myocardium. 2 The endothelial response to injury hypothesis proposed by Ross in 1993 3 to explain nontransplant atherosclerosis is equally applicable to transplant atherosclerosis. Essentially, the hypothesis proposes that an initial insult results in endothelial cell activation and upregulation of cytokines, chemokines, and adhesion molecules. The latter events allow transendothelial migration of monocytes which may become further activated in the vessel wall by modified low-density lipoproteins, and subsequently release cytokines and growth factors causing smooth muscle cell proliferation. There are a number of possible insults to the endothelium that could initiate such a cascade of events culminating in CAV; these include brain stem death, preservation injury, reperfusion injury, and the alloimmune attack after transplantation. 4 In recent years there has emerged the important concept of cytoprotection. It is known that the endothelial response to injury can be protective as well as inflammatory. This may explain why some patients remain free of CAV for many years after their transplant whereas others succumb at a very early stage. For example, upregulation of HO-1, A20, and Bcl-xL genes have been described as protecting against antibody-mediated graft vasculopathy in hamster/mouse to rat cardiac xenografts models 5, 6 and in a mouse allograft model. 7 The aim of this study was to use a global proteomic approach to investigate the hypothesis that long-term survivors of heart transplantation, without signs of CAV, show preferential expression of potential protective proteins. Two-D gel electrophoresis has been used to compare quantitative protein expression by cardiac biopsies of transplant patients with and without angiographic evidence of cardiac allograft vasculopathy.
Materials and Methods

Patients
This is a retrospective study of patients transplanted at this center between 1990 and 1993. The aim of the study was to compare biopsies from long-term survivors (Ն9 years) who were free of CAV to long-term survivors who had developed CAV within the first 3 years of their transplant. Patients at this center receive routine surveillance endomyocardial biopsy procedures at weekly intervals for the first month after transplant; in that era (1990 -1993) , in all cases, extra pieces of biopsy were taken, they were snap frozen in liquid nitrogen, and stored in liquid nitrogen for future research. The study population consisted of those patients where biopsy material was available. Surveillance angiography for CAV is performed routinely at 1 to 2 year intervals, CAV detected by angiography was defined as any new irregularity or stenosis not present in patients' previous angiograms Ն25% luminal diameter. At the time of angiography, patients do not normally undergo the biopsy procedure. Thus, patients were selected if they were Ͼ9 years after transplant, had early biopsies available (taken within 21 days of their transplants), and if they consented to an additional biopsy procedure as part of their annual angiography assessment, many years after transplantation. Twenty-two heart transplant recipients (all male) fulfilled these requirements, and their ages ranged from 17 to 68 years. Indications for transplant were ischemic heart disease (nϭ14), dilated cardiomyopathy (nϭ7), and congenital heart disease (nϭ1). Eleven patients had developed early CAV (25% to 50% stenosis, first detected 1 to 3 years); their late biopsies were taken at 133.1Ϯ10.7 months (meanϮSEM); early biopsies from 6 of these patients were available and obtained at 17.6Ϯ3.3 days. Eleven patients had not developed CAV at the time of biopsy (126.5Ϯ5.7 months); early biopsies from 6 of these patients had been taken at 15.5Ϯ3.3 days. Two samples of endomyocardial biopsy were taken at the time of angiography for this study; 1 for proteomics and 1 for immunohistochemistry. Right ventricular endomyocardial biopsies were embedded in OCT compound, frozen in isopentane, and then stored in liquid nitrogen until required. In addition to the biopsies collected specifically for this study, 12 early biopsies (taken within 3 months of transplant) and 9 pieces of explanted heart were used for immunohistochemistry. Local ethical permission (Royal Brompton and Harefield Research Ethics Committee) was obtained in accordance with the Helsinki Declaration of 1975 and written informed consent obtained from each patient.
Sample Preparation and Quantification
Total tissue proteins were extracted as previously described 8 from 24 biopsies (nϭ6 patients with CAV and 6 without CAV, 1 early and 1 late biopsy from each patient). The resulting supernatant was harvested and protein concentration determined using the 2D-Quant kit (Amersham Biosciences). The amount of total protein extracted from each biopsy was 256Ϯ21 g (meanϮSEM), ranging from 143 to 453 g. Solubilized protein samples were stored at Ϫ80°C until required.
Proteomic Analysis
Protein extracts (100 g) of right ventricular endomyocardial biopsies (n ϭ24) were separated by 2-D gel electrophoresis (2DE) as described by De Souza et al. 8 Briefly, the first dimension was nonlinear pH 3 to 10 IPG isoelectric focusing, and the second dimension was 12% SDS-PAGE. Gels were silver-stained and computer-assisted image analysis was performed as described previously. 9 Protein spot matching and intensities were assessed using the Progenesis Workstation, Version 2003.02 (Nonlinear Dynamics). Four comparisons were made: (1) early versus late without CAV; (2) early versus late with CAV; (3) early versus early; (4) late versus late. All results are expressed as arithmetic means (ϮSD). Paired and unpaired Student t tests were performed, with PϽ0.05 required for statistical significance. The first 2 comparisons were intrapatient comparisons (paired t tests); the second 2 were interpatient comparisons (unpaired t tests). Protein spots showing a statistically significant difference in intensity (changed in expression by 1.5-fold or more, PϽ0.05) were manually excised from micropreparative 2D gels (400 g protein) for identification by tandem mass spectrometry. A detailed methodology is provided in the online data supplement available at http://circres.ahajournals.org.
Phosphoprotein Identification
Phosphoprotein identification was examined on micropreparative (400 g protein) 2-D gels of left ventricular proteins (nϭ2). Total protein extracts were separated on pH 3 to 10 NL IPG strips, followed by a 12% SDS polyacrylamide gel. Pro-Q Diamond (Molecular Probes) phosphoprotein gel stain provides a method for selectively staining phosphoproteins in polyacrylamide gels, 10 and was used according to the manufacturer's instruction and scanned on the Typhoon 9400 scanner (Amersham Biosciences) at 532 nm, emission filter at 560 LP, and the photomultiplier tube set at 600 V. Subsequently, Pro-Q diamond stained gels were washed in MQ water and then fixed overnight in a methanol: acetic acid: water solution (4:1:5 v/v/v), before staining with a mass spectrometry compatible silver stain.
Western Blottting
Immediately after 2DE, the separated proteins were transferred by semidry blotting onto nitrocellulose membranes for 2 hours at 0.8 mA per cm 2 . HSP27 proteins were identified by immunostaining with a monoclonal anti-HSP27 antibody (SPA-800, Stressgen) and polyclonal antibodies specific for phosphorylated HSP27 at Serine residues 78 and 82 (SPA-523 and SPA-524 respectively, both from Stressgen).
Immunohistochemistry
Frozen sections (5 m) of explanted cardiac tissue (nϭ9), early biopsies (taken within 3 months of transplant, nϭ12), and late biopsies from patients with and without CAV (nϭ11 for each group) were stained using the immunoperoxidase method as described by Taylor et al. 11 Briefly, tissue sections were stained with PBS as a negative control, and monoclonal antibodies to CD31, a marker of endothelial cells (DakoCytomation), smooth muscle ␣-actin (Sigma), or HSP27 (SPA-800, Stressgen).
Results
Progenesis analysis of protein spots separated and displayed by 2DE revealed that 69 proteins showed time-dependent changes in abundance in comparison 1 (early versus late without CAV), and 38 proteins changed in biopsies from comparison 2 (early versus late with CAV). Twenty-three proteins changed in comparison 3 (early CAV versus early non-CAV), and 21 in comparison 4 (late CAV versus late non-CAV). Proteins differences in the 4 comparisons outlined above changed by 1.5-fold or more, PϽ0.05. The proteins of interest have been identified by tandem mass spectrometry. In summary in comparison 1, 37 of the 69 proteins have been identified, whereas 14 of 38, 14 of 23, and 16 of 21 have been identified from comparisons 2, 3, and 4 respectively (see online Figure I and online Table I ). Figure 1 shows representative 2D images from both groups of patients. The spots indicated with asterisks were identified as HSP27 by mass spectrometry, but no difference was observed in their expression between the groups. However, an additional spot in this region (Figure 1 , spot 3306, arrowed), was significantly differentially expressed between the late groups.
HSP27 Is Associated With Freedom From CAV
Eight tryptic peptides from this spot were sequenced by mass spectrometry, all of which mapped onto the sequence of HSP27. Figure 2A shows a representative example of one of these spectra. This protein was present in the 2-D patterns obtained from 4/6 late biopsies from subjects without disease, but was not detected in 5/6 late biopsies from patients with CAV (Pϭ0.24, Fisher's exact test). Quantitative analysis demonstrated a 20-fold increase in spot intensity in biopsies free of CAV compared with those with CAV (spot intensities were 0.061Ϯ0.05 versus 0.003Ϯ0.01, Pϭ0.04). The trend was similar in the early groups (spot intensities 0.47Ϯ0.38 versus 0.11Ϯ0.14; without CAV versus with CAV), but were not statistically significant (Pϭ0.10).
Phosphorylation Status of HSP27 Protein Spot 3306
The most basic form of HSP27 (spot 2079, highlighted on Figure 1 ) was observed at a pI of 5.9, which is in good agreement with previously published values for the unphosphorylated protein, 12 and is consistent with the Figure of 5.98 calculated from the amino acid sequence of HSP27. The observed pI of spot 3306 however was significantly lower, at 5.42, which would be consistent with the presence of acidic modifications such as phosphorylation. Support for this hypothesis was provided by staining with Pro-Q Diamond, which is specific for phosphoproteins. Figure 3A through 3D shows overlays of the same gel, visualized with either silver or with Pro-Q Diamond, and indicates that both stains colocalize to spot 3306.
Tandem mass spectrometry provided unequivocal evidence for phosphorylation of Serine 82. In unphosphorylated HSP27 (spot 2079) a doubly charged ion was observed at m/z 538.3, which was shown by collisional fragmentation and MS/MS to correspond to the sequence QLSSGVSEIR, representing residues 80 to 89 of HSP27 ( Figure 2B ). This peptide is clearly unphosphorylated, because the mass difference between the C-terminal-containing fragments y8 and y7, y7 and y6, and y4 and y3, is 87, corresponding to the residue mass of serine. By contrast, in the tryptic digest of spot 3306, a doubly charged ion was observed at m/z 578.3, which would be consistent with the addition of a single phosphate group to the peptide QLSSGVSEIR. Phosphorylation is further indicated by a facile losses of H 3 PO 4 (mass 98) from the protonated molecule ( Figure 2C ). The fragmentation pattern establishes Serine 82 as the site of phosphorylation, because the mass difference between the y8 (m/z 914) and y7 (m/z 747) fragments is 167 rather than 87, and there is a loss of dehydroalanine (69) between the dephosphorylated y8 ion (m/z 816) and y7 (m/z 747). The other 2 serines in the sequence are unphosphorylated, because the residue mass between the respective contiguous y ions is 87 ( Figure 2C) . The observed pI of spot 3306 (5.42) is consistent with diphosphorylated HSP27, both from calculation (predicted value Ϸ5.6) and by agreement with published data in which bis-phospho HSP27 was observed to migrate at a pI of 5.45. 12 There are 3 experimentally verified phosphorylation sites in human HSP27, Serine 15, 78, and 82. The present data suggest that Serine 15 is not phosphorylated, because we observed a doubly charged ion at m/z 481.2, which was shown by MS/MS ( Figure 2D ) to correspond to unphosphorylated GPSWDPFR (residues 13 to 20), whereas the phosphorylated form of this peptide (m/z 521.2) was undetectable. It was unfortunately impossible to verify the phosphorylation state of Serine 78, as the tryptic peptide which includes it (ALSR) is too small to be easily detected in a conventional ESI LC MS/MS experiment.
Further confirmation was provided by Western blotting with antibodies specific for the phosphorylation sites Ser-78 and Ser-82 and with an antibody that recognizes all forms of HSP27 whether phosphorylated or unphosphorylated. These results ( Figure 3E through 3G; spot 3306 highlighted) confirm the presence of phosphorylation on Serine residues 78 and 82.
Localization of HSP27 by Immunohistochemistry
Having found by 2DE that HSP27 is expressed in late biopsies from patients who are angiographically free of CAV, but is absent from late biopsies form those patients who develop CAV, immunohistochemistry was used to validate this finding in paired late cardiac biopsies (nϭ12) and 10 further late biopsies from patients in this study. HSP27 was found expressed diffusely on all myocytes, and within endothelial and smooth muscle cells of medium to large blood vessels in all 11 biopsies examined from patients without disease. Positive staining of the endothelial and smooth muscle cells of blood vessels was confirmed by staining serial Figure 1 . Two-dimensional gel separations from late cardiac biopsies with and without CAV. Total protein extracts were separated on pH 3 to 10 NL IPG strips, followed by a 12% SDS polyacrylamide gel. Spots were detected by silver staining. Enlargements of these 2 representative gels and contrast adjustment highlight a quantitative difference in images; arrow indicates spot 3306 which was only present in late biopsies from patients without disease and absent from those with CAV. This protein was identified by tandem mass spectrometry as HSP27. *indicates other protein spots that were also identified as HSP27, and **represents the unphosphorylated form of HSP27, spot 2079.
sections with CD31 and SM␣A (see Materials and Methods for details). In contrast, expression of HSP27 on all biopsies from patients with CAV (nϭ11) was confined to myocytes only, and absent from the endothelial and smooth muscle cells (Figure 4 ). Using the Fisher exact test, a P value of 0.028ϫ10 Ϫ4 was calculated for the presence/absence of HSP27. Immunohistochemistry thus supported and extended the proteomic results, by showing less expression of HSP27 on blood vessels in late biopsies from patients with CAV. Early biopsies from this group of patients were not available for immunohistochemistry, but it was possible to examine 12 early biopsies from a different group of patients transplanted within the same era. All of these biopsies showed HSP27 to be expressed on all myocytes and blood vessels. In addition, to examine normal heart, 9 pieces of explanted heart were investigated and all showed diffuse expression of HSP27 on cardiac myocytes and blood vessels.
Discussion
In this study a global proteomics approach has been used to examine protein expression in endomyocardial biopsies from human transplant patients with and without angiographic evidence of cardiac allograft vasculopathy. We postulated that differential expression of protective proteins could happen at early or late times after transplantation, and it would therefore be ideal to be able to examine biopsies from both time periods. At this center, it has been possible to retrospectively identify patients who were at least 9 years after transplant for whom early biopsies were available for research. In total, 141 proteins were significantly altered (by 1.5-fold or more) between the groups. Of these, 81 were identified by mass spectrometry (see online Table I ). The most significant finding was of a particular protein spot, found only in gel preparations from late biopsies from patients without CAV; this was identified by mass spectrometry to be a specific form of HSP27. The position of the HSP27 protein spot and the pI shift from the theoretical value suggested that this protein was phosphorylated. This was confirmed using a stain specific for phosphoproteins (Pro-Q Diamond), mass spectrometry, and Western blotting, and it was demonstrated to be diphosphorylated at Serine residues 78 and 82. We have focused on this particular protein because it showed the greatest fold change, namely 20-fold increase in expression in biopsies from patients without disease (spot intensity 0.061Ϯ0.05) than in biopsies from patients with disease (0.003Ϯ0.01). This difference was statistically significant (Pϭ0.04). It should be noted that when comparing biopsies for presence or absence of HSP27, the difference between the groups was not significantly different (Pϭ0.24, Fisher exact test). The discrepant results reflect the skewed distribution of HSP27, being highly expressed in 4/6 biopsies without CAV and below detection in 2 biopsies without CAV. A possible explanation why only 4/6 biopsies without CAV were positive may be caused by a relative lack of blood vessels in the 2 negative biopsies. Thus immunohistochemistry of further late biopsies not only confirmed that HSP27 was more strongly expressed in late biopsies which were free of CAV, but it showed vascular localization, something not found in late biopsies from patients with CAV (Pϭ0.028ϫ10 Ϫ4 ). Taken together, these results strongly suggest vascular expression of HSP27 is associated with freedom from CAV. It has been previously reported that HSP27 is diffusely expressed by cardiac myocytes of transplanted hearts, 13 but blood vessels were not investigated. Little is known about expression of HSP27 in normal and diseased human blood vessels. Martin-Ventura et al 14 have recently reported that atherosclerotic vessels maintained in culture release very little HSP27 protein into the medium compared with control vessels; they also showed smooth muscle cells of mammary arteries to be positive for HSP27. These findings therefore support our findings of vascular expression of HSP27 in biopsies from patients that did not develop CAV. In an attempt to investigate nondiseased cardiac blood vessels, early biopsies from another group of 12 transplant patients and 9 pieces of explanted heart were examined; all showed HSP27 positive blood vessels. The current results together with those of Martin-Ventura et al 14 suggest that HSP27 is expressed normally by blood vessels, and lack of expression is associated with both nontransplant and transplant atherosclerosis. Endothelial cells and smooth muscle cells of all medium-large size vessels were positive for HSP27 in early biopsies and explanted heart. Interestingly, staining with antibody to CD31, a marker of endothelial cells, demonstrated many tiny capillary endothelial cells which appeared not to be HSP27 positive. The functional significance of HSP27 may therefore be caused more by its association with smooth muscle cells rather than endothelial cells.
HSP27 is a small heat-shock protein, the expression of which correlates with increased survival following cytotoxic stimuli. 15 Like all heat-shock proteins, it functions as a molecular chaperone in protein biosynthesis to facilitate protein folding and prevent accumulation of misfolded proteins in the cell. Other means by which it is cytoprotective include protection from apoptosis, 16 -19 modulation of oxida-tive stress, 20 and regulation of the cytoskeleton. 21 Several studies have shown that overexpression of HSP27 increases the stability of F-actin microfilaments during exposure to stress such as hyperthermia, 22 oxidants, 23 and cytochalsin D. 21 This activity may depend on the degree of phosphorylation and its structural organization. Use of transgenic mice overexpressing human HSP27 has demonstrated that hearts from these mice are protected from ischemia reperfusion injury 24 and nerves are protected from chemically induce apoptosis. 25 The most likely explanation for the protective effect of HSP27 on pathology of blood vessels is its antiapoptopic properties 16 and ability to stabilize the actin cytoskeleton. Apoptosis has been found in transplanted hearts at all times after transplantation, 26 and has been shown to be involved in the pathogenesis of chronic rejection in cardiac allografts. 27 As well as binding to actin, HSP27 also binds to the intermediate filament vimentin. 28 -30 Caspase dependent cleavage of vimentin is said to be a prerequisite for apoptosis in all cell types, 31 suggesting that stabilization of vimentin microfilaments by HSP27 may be one of the ways it inhibits apoptosis. Interestingly, our previous studies have shown that patients with CAV make antibodies reactive with vimentin, suggesting exposure of vimentin in the transplant setting. 32 HSP27 has been shown to increase in vascular smooth muscle cells when subjected to hemodynamic stress, 12 so it may play a part in preventing smooth muscle cell proliferation. To further explore the role of phosphorylated HSP27, laser microdissection will be used, microdissecting blood vessels from cardiac biopsies, 8 to enrich for proteins from blood vessels.
A potential weakness of this study was the use of angiography to diagnose CAV; angiography is not as sensitive as intravascular ultrasound and it is possible that our patients, said to be disease-free, do indeed have some degree of intimal thickening. On the other hand, the study has used the same technique to investigate all patients, we are therefore comparing like with like. The second weakness is the relatively small numbers of late biopsies (nϭ22) that could be studied; the 10-year survival of patients transplanted at this center from 1990 to 1993 was Ϸ53.9%; obviously this is a small and unusual group of patients. The third weakness is that the criteria for selection of patients was availability of early biopsies, consent for late biopsies, and the possibility that these criteria could introduce bias into the results. Availability means biopsies were available unless they had been used for other research projects. The consent rate for late biopsies (at the time of angiography) was 75%. It is impossible to know whether these factors could influence the present results. This study raises the issue of the dynamics of expression of HSP27 in relation to disease activity. It is not clear whether HSP27 is constantly being induced after transplantation as a result of chronic attack by the immune system (effect of circulating antibodies and cytokines) or whether levels are normally low but are induced as a result of an acute immune attack by recipient T lymphocytes. It may be that early expression of HSP27 is important for late protection, indeed these studies demonstrated there was more HSP27 in the early biopsies of patients without CAV than patients with . Immunohistochemistry of HSP27 expression in cardiac biopsies. Frozen sections of cardiac biopsies, taken at Ͼ9 years after transplant, were stained with monoclonal antibodies to HSP27, CD31, and SM␣A as described in the Materials and Methods section. Positive staining against HSP27 was observed in myocytes, endothelial and smooth muscle cells in late biopsies taken from patients with no angiographic evidence of CAV. HSP27 was only localized to myocytes in those biopsies from patients with disease and was absent from both the endothelial and smooth muscle cells. Original magnification is ϫ400. ⌻he bar represents 100 m.
disease, but this difference was not statistically significant. Further work needs to be done on early biopsies. Further work also needs to be done to understand basal level of expression of HSP27 in different sized blood vessels from normal and transplanted hearts, the relative significance of smooth muscle cell and endothelial cell expression; the relationship to various insults associated with the process of transplantation.
In conclusion, using a proteomic approach a protein has been identified which is associated with freedom from CAV after cardiac transplantation. This protein has been identified as a phosphorylated form of HSP27 and is thus an after translational modification. As an aside, using a genomic approach, such as microarrays, this change would not have been identified. The significance of this finding is not limited to transplant-induced graft vasculopathy; the vascular response to stress includes responses to diverse factors such as hemodynamic forces, hypertension, oxidized LDL, glycosylated proteins, infections, and the alloimmune response. The current results taken together with results of Martin-Ventura et al 14 suggest a fundamental role of HSP27, possibly in conjunction with smooth muscle cells, in protecting against atherosclerosis.
